We report near-infrared lasing in the telecommunications band in gallium antimonide semiconductor subwavelength wires. Our results open the possibility of the use of semiconductor subwavelength-wire lasers in future photonic integrated circuits for telecommunications applications. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2198017͔
Semiconductor subwavelength wires ͑SWWs͒ are ideal structures for lasers in photonic integrated circuits that have distinct advantages over current planar heterostructure semiconductor lasers.
1-3 SWWs are wires of subwavelength cross-sectional dimension and typically 10-100 m in length that allow for high-density integration of optical components. 4 Because the gain medium of SWW lasers is the semiconductor material, they can cover a broad range of wavelengths depending on the SWW material. Unlike planar heterojunction laser structures, electronic confinement in semiconductor SWW lasers is provided by air or vacuum, and the choice of material for SWW lasers is also not as limited by lattice matching to a substrate as current semiconductor heterostructure lasers. 5 The strong optical confinement with electronic confinement in SWW lasers results in a large confinement factor 3,6 ⌫. A large ⌫ leads to a more efficient laser, 3 making semiconductor SWW lasers in principle more efficient than standard heterostructure semiconductor lasers. Here we report the demonstration of nearinfrared ͑NIR͒ lasing in a semiconductor SWW.
To demonstrate NIR SWW lasing, we study NIR lasing in GaSb SWWs with a cross-sectional dimension of 700-1500 nm and lengths of 10-70 m dispersed on a sapphire substrate. Note that these GaSb SWWs are larger in cross-sectional dimension than semiconductor SWWs ͑nano-wires, in particular 1 ͒ that have previously demonstrated lasing, due to the longer wavelength involved here. We use GaSb as the gain medium because it has direct-band-gap NIR emission ͑ϳ1520 nm at 10 K͒ ͑Ref. 7͒ in the telecommunications band and has been used previously in doubleheterostructure lasers. 8 With the large refractive index for GaSb of n Ϸ 3.8, a GaSb SWW freestanding in air has a large ⌫ for a cross-sectional dimension greater than the wavelength of light in the wire, i.e., d Ͼ/ n = 408 nm at Ϸ 1550 nm. 3, 9 A detailed description of the synthesis of the GaSb SWWs can be found elsewhere. 10 Briefly, the GaSb SWWs are synthesized using the spontaneous nucleation and growth technique demonstrated previously. 11 Pools of gallium supported on amorphous quartz substrates are employed for this purpose. Antimony is supplied through the vapor phase from a solid antimony source by using 10% hydrogen in argon as the carrier gas. The dissolution and subsequent supersaturation of the molten gallium droplets formed on the substrate with antimony lead to the multiple nucleation and growth of GaSb SWWs. The SWW growth experiments are performed at various temperatures ranging from 800 to 1050°C. Following growth, the SWWs are removed from the growth substrate, suspended in alcohol, and dispersed onto sapphire substrates for optical characterization.
We utilize a temperature-dependent photoluminescence ͑PL͒ apparatus to study the NIR light emission properties of the GaSb SWWs. The samples are illuminated by a passively mode-locked Ti:sapphire laser ͑810 nm, ϳ150 fs pulse duration, 80 MHz repetition rate, and 1.5 W average power͒. The laser is directed towards the sample at normal incidence through a 25 mm focal length lens ͑f / # =1͒ using a dichroic beam splitter. The dichroic beam splitter allows the PL emitted from the sample and collected by the same 25 mm focal length lens to be directed into the entrance slit of a 0.3 m grating monochromator ͑600 grooves/ mm grating͒. The laser beam diameter at the sample is ϳ45 m. The dispersed GaSb SWW substrates are placed in a microscope cryostat ͑under vacuum͒ to allow the temperature of the SWWs to be lowered. Low-temperature PL is observed by using a liquid nitrogen ͑LN 2 ͒ cooled InGaAs array detector coupled to the monochromator. Temperature-dependent PL measurements are performed using a single-element LN 2 cooled extendedInGaAs detector with an optical chopper and lock-in amplifier to reduce detector noise. The highly divergent nature of the light emission from the ends of the SWWs ͑Ref. 12͒ allows the study of NIR lasing in this configuration. Figure 1͑a͒ shows the PL of a single GaSb SWW compared to a GaSb wafer. The presence of multiple PL peaks in the GaSb wafer is due primarily to impurity-bound exciton emission. 7 The lack of observable features in the GaSb SWW PL may be due to line broadening from an increase in the temperature of the SWW relative to the GaSb wafer under the laser excitation. Figure 1͑b͒ shows the shift in the peak of the PL with substrate temperature and the effect of higher laser power on the PL from a GaSb SWW. For low power excitation, the change in PL peak position with substrate temperature follows the change in band gap with temperature of bulk GaSb. 13 The consistent shift and overlap of PL emission between the SWW and the bulk confirm that the SWW is made of GaSb. With high power laser excitation, some thermal broadening occurs, but the peak position remains essentially the same when the sample is cooled to 20 K. However, at 150 K, there is clearly an effect due to laser heating. This laser heating is caused by reduced thermal transport from the SWW to the sapphire substrate which can pose a serious problem that needs to be addressed for practical SWW laser devices. Here we mitigate the problem by cooling the GaSb SWWs to cryogenic temperatures.
With high laser fluence excitation and at low temperatures ͑Ͻ100 K͒, we are able to excite GaSb SWW lasers strongly enough such that lasing can occur. Figure 2͑a͒ shows the change in the PL spectrum for an ϳ35 m long SWW laser at different pump laser fluences. At low fluence, the PL spectrum has a broad peak and the PL increases linearly with increasing fluence. At higher fluence, sharp peaks in the PL spectrum appear, indicating that the lasing threshold has been exceeded, and the PL peak at the primary lasing wavelength abruptly increases while the spectral width of the PL decreases. As the fluence is increased further, the primary lasing peak increases more rapidly than the spontaneous emission and the spectral width of the primary lasing line is clearly much narrower than the low-intensity PL. Figure 2͑b͒ shows the change in the primary PL spectral width and peak height as a function of fluence, clearly showing a slope change when the lasing threshold is exceeded.
Different lasing mode spacings can be obtained by varying the diameter ͑transverse modes͒ or length ͑longitudinal modes͒ of the SWW lasers. Figure 3 shows NIR lasing behavior for GaSb SWW lasers of different lengths, demonstrating the change in mode spacing with cavity length. Due to the presence of the multiple transverse mode ͑ϳ20 allowed modes͒ of the SWW lasers studied, it is difficult to identify the longitudinal modes and correlate longitudinal mode spacing to the length of the SWW.
14 However, for the data in Fig. 3͑a͒ , we can see that around threshold there are primarily four broad peaks, one of which has a narrow peak within the broad peak. We attribute the ϳ14 nm spacing between the broad peaks to the longitudinal mode spacing of the SWW. To confirm this, we can estimate the longitudinal mode spacing by using the Fabry-Pérot mode spacing relationship ͑approximately valid in our case, due to the relatively large waveguide cross-sectional dimension͒, 6 ⌬ = 2 / ͑2nL͒, where ⌬ is the longitudinal mode spacing, is the wavelength ͑ϳ1540 nm͒, n is the waveguide refractive index ͑ϳ3.8, where the group velocity is approximately equal to the phase velocity in our case of strong confinement, neglecting both waveguide and material dispersion͒, and L is FIG. 2. GaSb SWW NIR lasing. ͑a͒ PL spectra below ͑black, 38 J/cm 2 ͒ and well above threshold ͑gray, 73 J/cm 2 ͒, demonstrating spectral narrowing above threshold. ͑b͒ Peak PL height at the lasing line wavelength of 1553 nm ͑black, up triangles͒ and PL width ͑gray, down triangles͒ vs laser fluence, demonstrating increased output in the lasing line and spectral narrowing to the laser linewidth above threshold. Both the PL full width at half maximum ͑FWHM͒ and peak height at each laser fluence are determined by a Gaussian fit. Data are taken at 30 K using an InGaAs array detector. the waveguide length ͑26 m͒. We estimate the longitudinal mode spacing to be ϳ12 nm, which is close to the observed ϳ14 nm spacing. For a longer SWW laser ͓Fig. 3͑b͔͒, we observe a smaller longitudinal mode spacing ͑ϳ6 nm͒, and more resonances are observed around threshold within the gain bandwidth. We attribute the more closely spaced peaks within each longitudinal mode group to be due to longitudinal modes of different transverse modes.
14,15 Different modes will experience different amounts of gain, depending upon the mode confinement, reflectivity, and wavelength ͑position in the gain spectrum͒ of the mode.
3 As a result, at high excitation, the lasing peaks are spaced in a manner that does not necessarily appear to be correlated with the longitudinal mode spacing. In addition, the peaks broaden and shift to longer wavelengths with high fluence excitation, which may be attributed to heating, band gap renormalization, and carrier-induced refractive index changes. 14 The performance of our NIR SWW lasers can be estimated by considering the carrier density at threshold. The pump fluence at the lasing threshold for the NIR SWW laser ͓Fig. 2͑b͔͒ is ϳ50 J/cm 2 . With an absorption coefficient of ϳ5.2ϫ 10 4 cm −1 ͑ϳ190 nm absorption depth͒ 7 at the excitation wavelength ͑810 nm͒, the peak carrier density is ϳ2 ϫ 10 19 cm −3 . ͑dN / dt = ␣F / h p leads to N = ␣F / h, where N is the carrier density, F is the fluence, ␣ is the absorption coefficient, h is the photon energy, and p is the laser pulse width.͒ Assuming an ϳ1000 nm diameter SWW and negligible Auger recombination, the thermalized carrier density ͑through carrier diffusion͒ is ϳ4 ϫ 10 18 cm −3 , which is about two to three times the threshold carrier density in typical edge emitting double-heterostructure lasers. 6 Additional loss mechanisms due to poorly cleaved facets, surface roughness, and/or the SWW-substrate interface may be the cause of this reduced performance. Improved growth and dispersion of the GaSb SWWs will address this issue.
In summary, we have demonstrated NIR lasing in a semiconductor SWW laser. Our results are a first step towards the use of NIR semiconductor SWW lasers in photonic integrated circuits for telecommunications applications. Issues such as electrical injection and thermal transport need to be addressed before implementation of NIR SWW lasers becomes practical. 
